Aspergillus fumigatus possesses a branched mitochondrial electron transport chain, with both cyanide-sensitive and -insensitive oxygen-consumption activities. Mitochondrial reactive oxygen species mediate signaling for alternative oxidase (AOX) expression. A 1173 bp-long Afaox gene encoding a 40 kDa protein has been cloned and identified. Recombinant constructs containing the Afaox ORF were transformed into Escherichia coli and Saccharomyces cerevisiae for heterologous expression. In A. fumigatus, AOX activity and mRNA expression were both induced with menadione or paraquat, suggesting an important role of AOX under oxidative stress. Therefore, positive transformants showed a cyanide-resistant and salicylhydroxamic acid-sensitive respiration, whereas in control cells the oxygen uptake was completely inhibited after KCN addition.
Introduction
The saprophytic species Aspergillus fumigatus is a deuteromycete fungus found worldwide, which has an essential role in recycling carbon and nitrogen. In the past 20 years, it has gone from being a saprophytic fungus of minor interest to becoming one of the most important fungal pathogens (Latgé, 2001; Brakhage & Langfelder, 2002) .
Following inhalation of conidia by the immunocompetent host, the innate cellular immune system is responsible for killing the conidia, exposing them to reactive oxygen (Philippe et al., 2003; Latgé & Tekaia, 2005) . However, A. fumigatus is capable of surviving and replicating within the phagolysosomal compartment of immunocompromised macrophages. Some enzymes like catalases, peroxidases, glutathione-S-transferases and thioredoxin peroxidases are present in aerobic organisms and contribute to their surviving, eliminating the toxic oxygen radicals. Moreover, there are other mechanisms and enzymes that either decrease the damage caused by oxidative stress or minimize the production of reactive oxygen species (ROS), e.g. the mitochondrial enzyme alternative oxidase (AOX) (Berthold et al., 2000) .
The AOX is a cyanide-resistant ubiquinol oxidase found in mitochondria of all plants, as well as in some fungi and protozoa (Moore & Siedow, 1991; Vanlerberghe et al., 1997; Berthold et al., 2000) . Mitochondrial respiration in higher animals is strongly inhibited by cyanide. In addition to the normal cytocrome-mediated pathway, this alternative pathway behaves as a short-circuit in the main respiratory chain and is specifically inhibited by salicylhydroxamic acid (SHAM) (Schonbaum et al., 1971; Veiga et al., 2003) . The electron flux to AOX branches from the classical electrontransport chain at the level of the ubiquinone pool leading to the direct reduction of oxygen to water, which is not coupled to proton pumping and oxidative phosphorylation (Vanlerberghe et al., 1997) . In lower eukaryotes, AOX was proposed to play a role in the oxidative defense mechanism (Moller, 2001) . In fact, further characterization revealed that AOX participates in both energetic and antioxidant defense of cells, and represents an important factor for the fungal survival in macrophages (Papa & Skulachev, 1997; JosephHorne et al., 2001) .
It was previously demonstrated that A. fumigatus mitochondria possess an AOX (Tudella et al., 2004) . In this work, the response of the AOX gene expression and protein activity following exposure of the fungus to an oxidative stress condition was investigated. The identification, cloning and characterization of the AOX gene, as well as its heterologous expression in two different systems is also described.
Materials and methods

Strains and culture conditions
Host strains
Aspergillus fumigatus were cultured at 30 1C in YG medium [2% w/v glucose, 0.5% w/v Bacto-yeast extract (Difco)] and trace elements (Dawe et al., 2000) ].
Saccharomyces 
Growth of A. fumigatus in the presence of ROS
A suspension of 2 Â 10 9 spores of A. fumigatus was inoculated in 50 mL of YG medium. This suspension was incubated for 16 h at 30 1C, in the presence of 0.5 mM menadione or 5.0 mM paraquat. After that, one more aliquot of ROS-generating compounds was added and the cultures were incubated for another hour. Conidia suspensions were harvested by centrifugation and washed at least three times with phosphate buffered saline solution. The oxygen uptake was measured polarografically in a respiration medium (1.7 mM KCl, 5.0 mM MgCl 2 , 0.5 mM EGTA, 10.0 mM KH 2 PO 4 and 2% (w/v) glucose, 50 mM Hepes-KOH pH 7.4).
RNA isolation
Aspergillus fumigatus conidia were incubated as described above. After 16 h, cells from a 50 mL culture were harvested by filtration through Number 1 Whatman filter, washed with sterile water, quickly frozen in liquid nitrogen, disrupted by grinding and total RNA was extracted with Trizol Reagent (Invitrogen). RNA pellets were collected by centrifugation (12 000 g, 20 min) and washed twice with 75% ethanol (v/v) . RNA preparations were resuspended in DEPC-treated water and the purity of the preparations was estimated by calculating A 260 nm /A 280 nm absorbance ratios.
RNAse-free DNAse treatment was carried out as previously described by Semighini et al. (2002) .
Quantitative reverse transcriptase polymerase chain reaction (RT-PCR)
First-strand cDNA was synthesized using the SuperScript TM first-strand synthesis system (Invitrogen).
All RT-PCR reactions were performed using an ABI Prism 7700 Sequence Detection System (Perkin-Elmer Applied Biosystem). Taq-Man TM Universal PCR Master Mix (Applied Biosystems) and primers LUX (Invitrogen) were used for the reactions. The thermal cycling conditions comprised an initial step at 50 1C for 2 min, followed by 30 min at 60 1C for reverse transcription, 95 1C for 5 min, and 40 cycles at 94 1C for 20 s and 60 1C for 1 min. The measured mRNA levels were normalized using b-tubulin gene. The reactions and calculations were performed according to Semighini et al. (2002) .
Aspergillus fumigatus genomic DNA extraction DNA isolation was carried out according to Soriani et al. (2005) .
PCR cloning and recombinant plasmid construction
An alternative-oxidase specific probe was obtained by PCR using degenerated primers Afaox-F (5 0 -WCNRTN GCNGSNGTNCCNGGN-3 0 ) and Afaox-R (5 0 -NCKRTG NWYNSHYTCRTCNGCNCKDAT-3 0 ), designed to anneal to conserved regions of amino acid sequences of different AOX protein sequences.
To clone the Afaox cDNA into the E. coli expression vector pET28a (1) TM (Novagen), the sequence was amplified with primers pET/Afaox-F (5 0 -TGATAACCGGAATTCCACAT GAACTCG-3 0 ) and pET/Afaox-R (5 0 -ACAAACGCGGCCG CATCAAATCACCTC-3 0 ). The PCR product was digested with EcoRI and NotI and ligated into the vector, previously digested with the same enzymes. The recombinant product was used to transform the host strain E. coli Rosetta TM (DE3)pLysS.
The entire cDNA was amplified using primers pYES2/ Afaox-F (5 0 -CCGGAATTCAACATGGACTCGATAACAG CAACC-3 0 ) pYES2/Afaox-R (5 0 -ACAAACTCTAGAGAAT CAAATCACCTCTTCTCT-3 0 ) and cloned into pYES2 TM expression plasmid. The yeast strain was transformed with either the pYES2/Afaox or empty vector using the lithium acetate method (Schiestl & Gietz, 1989) .
Screening of genomic DNA and cDNA libraries
Total DNA was digested with different restriction enzymes and Southern blotting was performed according to standard protocols (Sambrook et al., 1989) . After hybridization with the $450 bp probe, filters were washed under high-stringency conditions. An c. 9.0 kb EcoRI-XhoI genomic DNA fragment was used to construct a partial genomic DNA library in BlueScript TM IIKS 1 (Stratagene). After analysis, positive clones were sequenced according to the dideoxynucleotide method (Sanger et al., 1977) .
A cDNA library (kindly provided by Cláudia Rodrigues, University of Miami) was screened with the same probe, according to standard protocols (Sambrook et al., 1989) .
The Afaox (XM744544) entire sequence was analyzed using the BLASTX Nucleotide Sequence Similarity Search tool (NCBI).
Heterologous expression of Af aox
The expression of Afaox in E. coli Rosetta TM (DE3)pLysS was induced by the addition of 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) at 37 1C, during 5 h in LB medium supplemented with chloramphenicol (34 mg mL À1 ) and
The yeast cells obtained from a single positive colony were grown in SC-URA À liquid medium supplemented with 2%
(w/v) galactose, at 30 1C, for 24 h.
Saccharomyces cerevisiae g rowth condition
Freshly transformed S. cerevisiae with empty pYES2 TM or expressing AOX protein were grown in SC-Ura À medium with 2% galactose, for 24 h to a final OD 600 nm of $0.2. Different dilutions 0.1, 0.01 and 0.001 at OD 600 nm were inoculated in a nonfermentable medium containing 2% glycerol, 2% ethanol, 2% sorbitol and 10 mM KCN, and incubated for 48 h at 30 1C.
Mitochondria isolation of S. cerevisiae
Mitochondria were prepared according to Glab et al., (1990) with modifications. Briefly, S. cerevisiae cells were grown in SC-Ura The mitochondrial pellet was resuspended gently with mitochondrial buffer (0.6 M mannitol, 10 mM Tris-HCl pH 6.4 and 0.5 mM EGTA) and centrifuged at 2000 g, 5 min at 4 1C. The final mitochondrial pellet was resuspended gently in a mitochondrial buffer. Protein was determined by Biuret assay using BSA as standard.
Immunodetection of Afaox
Escherichia coli culture cells were incubated for 5 h with 0.5 mM IPTG and harvested by centrifugation. The cells were sonicated and lysates were mixed with concentrated sodium dodecylsulfate (SDS)-sample buffer containing 125 mM Tris-HCl, pH 6.8, 20% (w/v) glycerol, 8% (w/v) SDS, 0.004% (w/v) bromophenol blue and boiled for 5 min.
Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) , transferred to nitrocellulose membranes and immunoblotted with 1 : 300 antibody anti-His 6 -tag conjugated with peroxidase. The membranes were subsequently incubated with horseradish peroxidase-conjugated goat anti-mouse IgG and reactive proteins were visualized using ECL Western blotting detection reagents and analysis system (Amersham Biosciences). Saccharomyces cerevisiae mitochondria samples were immunobloted with a 1 : 1000 dilution of mouse monoclonal antibodies risen against AOX from Sauromatum guttatum (a gift from L. McIntosh, Michigan State University, Elthon et al., 1989) .
In vivo respiration assays
Oxygen uptake was measured with a Clark-type electrode fitted to a Gilson oxygraph (Gilson Meddical Eletronics Inc., Middleton, WI) in 1.8 mL of appropriated medium. To distinguish cyanide-sensitive, 1 mM KCN was added to the medium and AOX activity was detected by the addition of 2.5 mM SHAM.
Peptide signal prediction
The prediction of peptide signal in AOX amino acid sequence was carried out using the SIGNALP 3.0 server (Bendtsen et al., 2004) .
Statistical analysis
The results obtained in this study were evaluated from repeated experiments. Data are expressed as mean values AE SEM. Values were compared by computing standard Student's ttest. The value 0.05 was chosen as the point of statistical significance throughout.
Results and discussion
Effects of oxidative stress on cyanide-resistant respiration of A. fumigatus
Studies with different species have demonstrated that AOX is induced by a variety of treatments usually labeled as stresses. ROS appear to be an important trigger for AOX expression, as cells' exposure to different anions and hydrogen peroxide induces cyanide-resistant respiration (Minagawa et al., 1992; Wagner, 1995; Wagner & Moore, 1997) .
To verify the function of AOX in A. fumigatus under oxidative stress conditions, conidia were treated with ROS donors like 0.5 mM menadione and 5.0 mM paraquat. In conidia treated with either menadione or paraquat, the KCN-resistant respiration increased one and half times when compared with the control (Fig. 1a) . In addition, this treatment caused a fivefold increase in Afaox transcription levels (Fig. 1b) . A smaller increase in the AOX activity (1.5 fold) when compared with the increase verified in the mRNA levels (fivefold) may be due to increased instability of the AfAOX mRNA, or, alternatively, to lower rates of translation or higher instability of the AfAOX protein.
Nevertheless, this response is consistent with the role proposed for AOX, and reveals that AOX plays a role in the antioxidant defense mechanism by keeping the ubiquinone pool sufficiently oxidized.
The finding that A. fumigatus cells under certain conditions can induce the AOX expression and utilize both alternative and cytochrome pathways (Tudella et al., 2004) may be of clinical relevance. Increased levels of AOX mRNA have been observed in several fungi and plants as a result of oxidative stress (Joseph-Horne et al., 2001) . AOX would prevent the auto-oxidation of reduced quinone, and the subsequent formation of ROS when the electron transport flow through the cytochrome pathway becomes limited (Wagner & Moore, 1997) or in response to oxidative burst generated by mammalian defense cells during antifungal defense (Helmerhorst et al., 2005) .
Cloning and sequence analysis of the alternative oxidase gene of A. fumigatus
Initially, a pair of degenerated primers was used to amplify a $450 bp fragment by PCR. This fragment was used as a probe to hybridize genomic DNA digested with different restriction enzymes in Southern blotting experiments (Fig. 2) . An EcoRI-XhoI genomic fragment was detected and subsequently used to construct a partial genomic DNA library, which was screened with the 450 bp probe. In parallel, a cDNA library was screened with the same 450 bp probe. All the isolated clones were sequenced.
The Afaox coding sequence is 1733 bp, which codes for a 1059 ORF, encoding a 352 amino acid sequence with a calculated molecular mass of 40 kDa and a theoretical pI of 9.51. The alignment between the cDNA and genomic DNA sequences revealed the existence of two introns. The first Fig. 3 . Multiple alternative oxidase protein alignment of the deduced amino-acid sequences of Aspergillus fumigatus (Accession no. XM744544), Aspergillus niger (Accession no. AB016540), Neurospora crassa (Accession no. AY140653) and Podospora anserina (Accession no. AJ290969). Thin lines over the sequences indicate helical regions. The amino-acid residues in boxes represent the conserved region among the species and asterisks are the proposed iron-binding motif (Siedow & Umbach, 2000) . The alignments were obtained using CLUSTALW algorithm.
A. fumigatus ------MNSI TATMPLRATA FPKPYLRFTI RTYASAAAAP --RCSRPLLA A. niger ------MNSL TATAPIRA-A IPKSYMHIAT RNYSGVIAMS GLRCSGSLVA N. crassa MNTPKVN---ILHAPGQAAQ LSRALIS-TC HTRPLLLAGS RVATSLHPTQ P. anserina MISSKTSNRI CLCSPQQTAR ITGIVVS----SRPAYLTGL GYPVSLRLSS
intron is 54 bp long, corresponding to nucleotides 261-315, and the second is 60 bp long, corresponding to nucleotides 603-663. The deduced Afaox amino acid sequence showed 78%, 51% and 50% identity with alternative oxidases of Aspergillus niger (Kirimura et al., 1999) , Neurospora crassa (Li et al., 1996) and Podospora anserina (Lorin et al., 2001) , respectively. As shown in Fig. 3 , four regions are completely conserved among these sequences (LET, NERMHL, LEEA and RADE-H), where six conserved amino acids residues are proposed to be a metal ligant site Siedow et al., 1995; Siedow & Umbach, 2000) .
Expression of the Afaox cDNA in E. coli
To verify the function of Afaox in a prokaryotic system, the Afaox cDNA was subcloned into the expression vector pET28a(1) TM , which contains an N-terminal his-tag. The recombinant plasmid pET28/Afaox was transformed into E. coli Rosetta TM (DE3)pLysS strain. Escherichia coli harboring pET28a (1) TM was used as a control. The oxygen uptake of E. coli/pET28a(1) and E. coli/pET28Afaox were measured polarographically in LB medium. In control cells (Fig. 4a) , as well as in non induced E. coli/pET28Afaox (Fig. 4b) , the oxygen uptake was completely inhibited by addition of KCN, whereas in transformants expressing AOX protein, the addition of the alternative oxidase inhibitor SHAM following (Fig. 4c) or before (Fig. 4d) cyanide, inhibited the respiration, and that such respiration showed a slight increase by the addition of IPTG, which suggests that the classical and alternative oxidase pathways work simultaneously.
This result shows that the Afaox cDNA encodes an AOX protein, which gives a cyanide-resistant and a SHAMsensitive respiratory pathway to E. coli. In agreement with previous data (Kirimura et al., 1999) , it supports the idea that the recombinant AOX protein expressed in E. coli could be located in the inner membrane, where the components of electron-transport chains such as dehydrogenases and terminal reductases (or oxidases), which are linked by quinones, and Quinol:cytochrome c oxido-reductase 'bc complex' are absent (Unden & Bogaerts, 2006) .
Functional expression of Afaox in S. cerevisiae
Saccharomyces cerevisiae does not have cyanide-resistant respiration mediated by AOX (Minagawa & Yoshimoto, 1987) . To examine if Afaox could enhance cyanide-resistant growth of S. cerevisiae, a recombinant plasmid pYES2/Afaox was constructed. After induction with 2% galactose in the SC-Ura À medium, the cells were inoculated in a nonfermentable medium in the presence of 10 mM KCN. Saccharomyces cerevisiae expressing AOX was able to grow in the presence of KCN, while it was lethal for the control yeast (Fig. 5) . These results suggest that the recombinant AfAOX is properly targeted to the S. cerevisiae mitochondria where it is functional. In agreement with these results, western blot analysis demonstrated a highly expressed 39 kDa AOX protein in S. cerevisiae mitochondria (Fig. 6a) . Indeed, the molecular weight is similar to that described for AOX in yeasts (Sakajo et al., 1990; Huh & Kang, 1999; Milani et al., 2001 ) and plants (Finnegan et al., 1999; Sluse & Jarmuszkiewicz, 2000) , indicating that A. fumigatus AOX is properly expressed in AOX-deficient S. cerevisiae.
In E. coli/pET28Afaox, western blot analysis revealed a band around 45 kDa present only in the induced cultures, and an additional 35 kDa band in both (induced and noninduced) cultures, suggesting a cross-reaction with some E. coli constitutive protein (Fig. 6b) . The 45 kDa protein detected only in induced cultures constitutes the AOX protein recombinant. The higher molecular mass of the recombinant protein in E. coli is due to the presence of additional 33 aminoacids in the N-terminal of recombinant protein, which includes the His 6 -tag. In addition, it is well know that the majority of mitochondrial proteins are nuclear encoded and synthesized on cytosolic polyribosomes with an N-terminal extension called signal peptide that directs precursor proteins to the mitochondria. A presequence is the commonly used term to describe cleavable signal peptides of mitochondria (Rudhe et al., 2002) . The prediction of the signal peptide cleavage sites in the AOX amino acid sequence revealed a cleavage site between positions 14 and 15, which after removal would result in $39 kDa protein that corresponds to the molecular mass observed for the recombinant protein in protein expressed in S. cerevisiae, suggesting that the peptide signal is removed once AOX is internalized into the mitochondria.
In conclusion, the response of A. fumigatus in the presence of superoxide anions indicates that AOX may play a role in antioxidant defense mechanisms. Expression of Afaox in E. coli and in S. cerevisiae showed a functional AOX, which can be employed as a model system to investigate and test inhibitors and drugs targeted at the alternative oxidase of A. fumigatus. 
